the last 4 systems, DCS and CEREC restorations are produced from ceramic blocks in the dental laboratory or in the dental practice, whereas Procera and CICERO restorations are produced with a sinter-and-mill process at a centralized laboratory. Machining a restoration from a uniformly colored monolytic block of material 3 can never fulfill both the esthetic demands and the requirements for strength. Only a layered, lifelike ceramic strengthened with a machined high-strength ceramic core can improve the natural esthetics and strength obtained in freehand production of ceramic restorations. These considerations form the basis of the CICERO reconstruction concept.
BASIC ELEMENTS OF THE CICERO METHOD
CICERO is a registered trademark of Cicero Dental Systems B.V. (Hoorn, The Netherlands). The CICERO method for the production of ceramic restorations uses optical scanning, ceramic sintering, and computer-assisted milling techniques to fabricate restorations with maximal static and dynamic occlusal contact relations. With the CICERO CAD/CAM method, crowns and inlays with different ceramic layers-such as high-alumina core, dentinal, and incisal porcelain for maximal strength and enhanced esthetics-are produced. The procedure can be summarized as follows.
For a posterior tooth, the preparation, its immediate surroundings, and the antagonists are digitized with a fast laser-stripe surface scanner. Then a computerized generic crown shape is deformed to give maximal tooth-to-tooth contact proximally and in centric occlusion with the opposing teeth. The occlusal surface of the mathematical crown is deformed parametrically to a final position for cusp tips and fossae. Dynamic occlusal contact relationships, such as working and balancing occlusion and protrusion, also are translated in a mathematical model. This model of the stomatognatic complex is used to adjust the crown to prevent any interference during mastication movements. Finally, the crown is milled by consecutive sintering and milling steps (Fig. 1) .
The basic aim of CICERO is to mass produce ceramic restorations at 1 integrated production site. The activity is directed toward rapid custom fabrication of high-strength alumina copings and semifinished crowns to be delivered to dental laboratories for porcelain layering or finishing.
To keep the procedure as straightforward as possible, the developers used standard full molar and premolar crowns as a basic template. This allowed the possibility of including occlusal movements in the first basic software versions and tackling the more demanding esthetics for anterior crowns at a later stage of development.
The layering of the crown requires a series of production steps. To allow the subsequent sintering and milling steps, the refractory support, in which a negative of the interior of the restoration is prepared first, must have the ability to be reproducibly repositioned in the milling machine with high precision. This need was met with a double prismatic bottom part of the refractory block. Pure alumina solid state sintering, due to the sintering shrinkage, can proceed in free space only without the restriction of a refractory core. This means that without support, only simple geometric distortion, such as that with symmetrical conical copings, would be within tolerances. 4 The technology therefore is limited to a smaller scope of applications.
In the CICERO reconstruction concept, this problem was solved through the development of a new high-strength core material based on aluminum-oxide with a zirkonia-glass phase. The liquid zirkonia-glass phase, active above 1050°C, allows the alumina to be sintered against the refractory core without cracking or detaching. To further reduce the shrinkage of the high-alumina core material during sintering, dry-bag isostatic pressing is used as a separate step in the process. This gives a uniform density to the core, which leads to a reduction of internal stresses and the elimination of cracks, strains, and laminations. The basic reconstruction concept includes: (1) layered, lifelike ceramics; (2) a precision-milled occlusal surface; and (3) a machined, high-strength ceramic core.
PROCEDURE

Scan-model preparation
In this example, a CICERO crown on the maxillary right second premolar is constructed. An impression is made of the arch with the prepared teeth and poured in gypsum. The operator must proceed with great precision because the impression and the model are the basis for all future processing. The gypsum cast of the model that contains the preparation is marked with black/white contrast for unambiguous scanning of the margin (Fig. 2) . This makes it possible for the computer to automatically identify the margin; thus, the operator does not have to trace it afterward on the screen with an input device such as a mouse. Although a silicone impression might be criticized, it offers a number of advantages in connection with gingival margin preparation.
Optical scanning
The first step in the automated fabrication of a metal-ceramic crown is an optical impression obtained by laser scanning of the cast. The CICERO CAD/CAM system makes use of a fast laser-stripe scanning method to measure the 3-dimensional geometry of the preparation, its immediate surroundings, and the opposing teeth. A straight laser stripe, which is projected onto the cast, is deformed by the 3-dimensional occlusal geometry of the tissues; this deformation is used by the computer to determine the actual 3-dimensional positions of those points on the surface of the tissues (Fig. 3) . A charged coupled device (CCD) camera scans the projected line. The model is placed in the scanner clamping device, which has a balland-socket table that can be tilted and locked in any direction, such that the path of insertion coincides approximately with the vertical z-axis of the scanner.
A rough overall scan, using steps between consecutive scan lines of 0.2 mm, of the total arch with the preparation is made and converted to a gray scale Zchart (Fig. 4) . In this relief map of the scan, the location of the preparation, proximal contacts, and extent of the scan area and the neighboring elements are entered. The incisal point and a cusp tip on the last molar bilaterally are marked by clicking on the screen with the mouse. From this information, the orientation of the occlusal plane in the masticatory system is VAN DER ZEL ET AL THE JOURNAL OF PROSTHETIC DENTISTRY defined, and the CICERO scanner software generates a scanning protocol that prevents shadowed parts. The antagonist impression on the model is fine scanned, using steps between consecutive scan lines of 0.05 mm, with a high definition (Fig. 5) . After removal from the cast, the cast with the preparation is subsequently scanned. A computer-generated surface of the prepared tooth is extracted from scan data (Fig. 6) . The accuracy of the scanning method lies within 0.01 mm.
Design
The crown form is designed by selecting the proper tooth element from the library, modeling the crown on the screen to fit in with the remaining dentition, and making final adjustments to the proximal contacts with the computer. A maxillary second premolar is designed on a die with a chamfer margin preparation. The appropriate tooth is chosen by the operator from an extensive collection of generic forms of theoretical teeth in the program's library. When an intact mirror element can be found in the arch, it can be scanned and used as a standard tooth. The distal and mesial contacts indicated by the operator in the occlusal and buccolingual views of the scan form the first step in the fitting of the generic tooth (Fig. 7) . The margin line of the new crown is adjusted to the preparation line that was isolated automatically from the scan of the die.
The lingual and buccal boundaries are clicked in and dragged with the mouse to shape the tooth so that it fits in a natural-appearing row with the adjacent teeth. A warping algorithm generates a deformation field and deformation vectors within the field to generate the new form as directed by the drag vector indicated with the mouse. Thus, the external contours of the new crown can be adjusted interactively with the mouse, in much the same way that porcelain is builtup by brush or spatula. After the crown has been fitted into the row, the computer adjusts the mesial and distal contacts to within ±0.02 mm of the adjacent teeth.
Centric occlusion
The centric tooth-to-tooth contacts are obtained in relation to the quality of the opposing occlusal surface. The resulting contacts vary from a complex tripodal occlusal situation with an ideal antagonist surface to a simple central contact on a less-defined occlusal surface.
The new crown then is superimposed on the opposing teeth, which are displayed on the screen (Fig. 8) . The CAD program deforms the generic tooth parametrically (with conservation of shape) according to gnathologic principles. On the library tooth, preferred points of contact are used as anchor points to direct the search for contacts with the antagonist. The different fields of contacts of the crown are deformed to give maximal tooth-to-tooth contact with the opposing teeth. Because the theoretical tooth is brought into contact with its antagonist as scanned, it can be assumed that contacts are also in the same range as the scanning accuracy, which is 0.01 mm.
Articulation
The occlusal surface should allow cusps to escape and return to their fossae without interferences. Proper prosthetic fabrication should ensure that functional contact relationships are restored for both dynamic and static conditions. Maxillary and mandibular teeth should contact in a harmonious manner that allows optimum function, minimum trauma to the supporting structures, and an even distribution of load throughout the dentition. Positional stability of the teeth is critical if arch integrity and proper function are to be maintained over time.
Mandibular movements in 3 dimensions have been simulated by dental articulators with condylar and incisal guides that define the maxillomandibular movements patterns. In this case, it is possible to calculate the working, nonworking, and protrusive pathways and perform a simulation of these functional movement paths of the opposing teeth against the new restoration with the computer. Any interferences are removed by grinding the interfering surface.
A model of the craniomandibular system was developed in a way that simulates the action of the human stomatognathic system. All elements of the biomechanical model are incorporated into a mathematical model and can be varied. Initial standard or default settings other than zero (0) are selected for certain parameters. In the CICERO program dialog window, all parameters can be specified, or, on return, the program resets to the default settings.
It is possible to select the functionally generated path technique instead of a full axiographic registration of movements of the mandibular joints. This may be more realistic in the situation of a single-crown restoration. The registration of the functional enve- lope of the antagonists in the FGP-impression can be scanned, and the surface obtained can be used to determine the appropriate contacts. It is possible to use 3-dimensional movement as measured with any available axiographic registration computer. The registration data obtained are transferred into the computer; the software uses the data to calculate escape pathways of the opposing teeth from the restoration in 3 dimensions.
Condylar function involves both horizontal and sagittal shifts. This and other occlusion concepts are the subject of ongoing studies.
Design of crown layer buildup
After the interior and exterior tooth surfaces have been designed, several interface surfaces between cement and ceramic core and between dentin and incisal porcelain are defined. The CICERO software calculates the interior surface corrected with marginal gap (0.03 mm), overall cement thickness (0.05-0.10 mm), and ceramic core-die cement thickness (0.02 mm) as specified by the operator. The cement gap geometry of the crown ensures that the cement thickness between the ceramic core and the die at a distance of 2 mm from the margin is defined smaller than the marginal cement gap. This provides better support from the ceramic on the inside, forming a step-up that takes most of the load exerted on the crown during placement and during mastication. 4 The stress on the porcelain shoulder is relieved because the high-alumina core substructure is closest to the die. A thickness of the ceramic core of 0.7 to 0.8 mm is used. A mapping of the calculated thickness of the restoration indicates to the operator possible thin spots that might need interactive correction of the designed layer buildup or external contours. Through a controlled model of layering, incisal and body porcelain esthetic effects such as natural translucency and opalescence can be obtained. The high-strength alumina core was shaded to provide a background tone for the more translucent ceramic layers.
Production process
The restoration is milled using standard diamond preparation tools. The exact measured dimensions of each of the individual tools are entered into a dialog window of the CICERO Miller software on the screen through the keyboard.
The following cutting tools are used: a diamond cylinder of 5.3 mm diameter, a diamond rounded disk of 9.3 mm diameter, and a diamond pointed tool of 0.9 mm. The tools are automatically exchanged as they are used and reset against a zero switch.
Factory-standardized, preformed CICERO refractory blocks for single elements, which have a precision fit in the milling machine clamping device, are made of a soft machineable refractory material and are cylindrical with a diameter large enough to contain the maximum mesiodistal tooth diameter (Fig. 9) . The expansion of the refractory is balanced by varying the ratio of the constituting oxides, which may include silica, magnesia, or alumina.
The CICERO refractory block is fixed in a highprecision vice in the milling machine, and the negative of the inside surface of the crown is accurately milled with a cylindrical disk bur and a round carbide bur (Fig. 10) . Next, a cylinder shape of a high-strength aluminum-oxide-based ceramic is pressed by means of a dry bag isostatic pressing technique over the milled inside of the refractory block and presintered under vacuum. A predetermined quantity of ceramic fills the rubber mold with the ground refractory block in the center. The mold is placed inside a membrane that is put under hydraulic pressure. After it is sintered, the ceramic can be easily ground to a calculated oversize that takes account of the shrinkage that will occur during the final sintering. The final thickness of the high-strength ceramic is 0.7 mm, but the thickness can be adjusted according to the needs of the particular restoration (Fig. 11) . When the laboratory finalizes the dentinal and incisal layers, the refractory block can be removed and the finished coping used as a strong ceramic core (Fig. 12) . The next step in the production of a CICERO crown is the application of a dentinal porcelain paste available in Vita-shades. It is a special fine-grained, leucite-free porcelain in the form of a colloidal vacuum-kneaded paste. From a capsule, the porcelain is cold pressed on the sintered aluminum-oxide-based ceramic layer on the refractory shape and fired in standardized conditions under vacuum. After it is fired, the porcelain has a high density and can be ground easily to a feather edge without chipping because it adheres to and is supported by the refractory block and the high-strength ceramic layer. After the firing of the porcelain, the refractory block is placed back into the precision vice of the milling machine, and the interface between dentinal and incisal porcelain is milled (Fig. 13) .
Translucent incisal porcelain is cold pressed over the milled dentinal porcelain and fired, and the external surface of the crown is milled (Fig. 14) . The crown is milled along the primary fossae, the cusp line, the equator line, and the margin line as well as in between these lines.
Laboratory finishing
The last step in the fabrication includes individual staining and glazing of the external surface. It is recommended that self-glazing stains be used by heating to a predetermined temperature. A quick elevation to this temperature softens only the superficial layer and therefore enables creation of a superiorly glazed surface that reproduces fine details without causing slumping. At the same time, surface integrity that may have suffered from the grinding operation is restored during this final glazing step (Fig. 15) . Polishing of the final restoration is not necessary because the glazing step is performed as a final treatment before the refractory is removed by grinding and air abrasion in the usual manner.
In vivo restorations
The effect of different preparation designs on the fit and breaking strength of molar crowns was investigated. An average marginal gap of 67 ± 18 µm was found. The effects of cement gap geometry and crown buildup on the fracture resistance also were investigated in vitro.
The above in vitro tests reported sufficient confidence in the CICERO materials and methods to start the clinical treatment of a limited number of patients with CICERO crowns under the ruling set forth by European Standard EN 540. Twenty posterior crowns (14 molars and 6 premolars) were produced as previously described and placed in 14 patients. The crowns were cemented with glass ionomer cement (Fuji Ionomer, GC International, Tokyo, Japan). The restorations were inspected according to USPHS criteria. 5 Alpha ratings were obtained after 1 year for marginal adaptation (100%), anatomic form (100%), color match (85%), approximal contacts (90%), and occlusal contacts (95%). Bravo-ratings were obtained for slight color mismatch (15%), slight oversizing (10%), and slight occlusal correction (5%). The overall clinical quality of the CICERO crowns was excellent. Slight deviations can be explained by a lack of operator experience with the methods involved.
SUMMARY
This article has detailed the CICERO method for the production of an all-ceramic crown. CICERO deviates from the CAD/CAM techniques developed recently in that it makes use of a layered crown for better strength and enhanced esthetics.
Functional computer-modeled ceramic restorations can be produced with proper occlusal relations without excessive work in the patient's mouth. The development of CICERO may be one of the major factors in a wider implementation of computermodeled fixed prosthodontics in the years to come.
